One contribution of 13 to a theme issue 'Evolutionary ecology of arthropod antimicrobial peptides'. Drosophila melanogaster lives, breeds and feeds on fermenting fruit, an environment that supports a high density, and often a diversity, of microorganisms. This association with such dense microbe-rich environments has been proposed as a reason that D. melanogaster evolved a diverse and potent antimicrobial peptide (AMP) response to microorganisms, especially to combat potential pathogens that might occupy this niche. Yet, like most animals, D. melanogaster also lives in close association with the beneficial microbes that comprise its microbiota, or microbiome, and recent studies have shown that antimicrobial peptides (AMPs) of the epithelial immune response play an important role in dictating these interactions and controlling the host response to gut microbiota. Moreover, D. melanogaster also eats microbes for food, consuming fermentative microbes of decaying plant material and their by-products as both larvae and adults. The processes of nutrient acquisition and host defence are remarkably similar and use shared functions for microbe detection and response, an observation that has led to the proposal that the digestive and immune systems have a common evolutionary origin. In this manner, D. melanogaster provides a powerful model to understand how, and whether, hosts differentiate between the microbes they encounter across this spectrum of associations.
Introduction
The gut is a major interface between animals and the environment, and a common point of contact with the microbial world. While this also makes the gut an important entry point for pathogens, the animal gut is most typically in constant association with a microbiota and these interactions have important roles in animal biology [1, 2] . Comparisons between germ-free and conventional-reared animals have demonstrated that gut microbiota have significant impacts on diverse host functions, including: development, the establishment and function of the mucosal immune system, epithelial morphogenesis, as well as systemic impacts on host metabolism and endocrine pathways through the gut -brain axis [3] [4] [5] [6] . The animal gut also coordinates a diversity of physiologic functions, most notably digestion and immunity. Perhaps not surprisingly, an emerging theme from studies exploring animal -gut microbiome interactions is the important interplay between immunity and metabolism. Alterations in the microbiome (i.e. composition, density or function) are linked to a number of diseases and the innate immune system has a central role in regulating these associations [1, 2, 7, 8] . The recognition of microbeassociated molecular patterns (MAMPs) by pattern recognition receptors (PRRs) and subsequent production of antimicrobial peptides (AMPs) are evolutionarily conserved and a major component of the host epithelial response to both beneficial and pathogenic microorganisms [9] . However, many pathologies correlated with aberrant microbiota composition are also associated with altered metabolic states and the intersection of immunity and metabolism in the gut is implicated in a growing number of chronic conditions. Drosophila melanogaster has emerged as a powerful model to understand the molecular signalling between host epithelia and microbes, their impact on metabolism, and the role of the innate immune system in regulating these associations. Drosophila melanogaster is a model host with a rapid life cycle, offers extensive genetic and experimental tools, and importantly, like most insects [10] [11] [12] , is associated with a simple microbial community (a few to tens of species in the laboratory versus hundreds to thousands of species in mice and humans [13 -15] ). In addition, D. melanogaster shares multiple traits with mammals, including gross conservation of body plan, developmental and homeostatic signalling pathways, digestive, innate immune and neurotransmitter systems, as well as behavioural traits, such as learning, circadian and social behaviours [16, 17] . A number of recent reviews synthesize our current understanding of D. melanogaster gut physiology [18] , the role of microbiota [10, 13, 14, 19] , and the molecular mechanisms of immune and homeostatic responses [9, [20] [21] [22] . Here, I will focus on the role of AMPs in D. melanogaster host -microbe interactions, and their role in regulation of gut microbiota. I also discuss the interplay between host immune responses and metabolism, highlighting recent studies in D. melanogaster that suggest shared regulation and functions between immunity and digestive processes. I discuss these observations in the context of the theory of a common evolutionary origin for both immunity and digestion [23] .
Drosophila detection of microbes and AMP production
Though D. melanogaster rose to prominence nearly a 100 years ago as a model to study the genetics of heredity, mutations and development, it was not until the 1970s that D. melanogaster was adopted for the study of innate immunity [20, 24] . The initial observation by Boman and colleagues that flies could mount a rapid antimicrobial response upon immune challenge launched the study of invertebrate AMPs, and Drosophila-related research was fundamental to the identification and study of the signalling pathways that mediate antimicrobial peptide gene expression [9, [24] [25] [26] . This work also established D. melanogaster as a model to study more broadly the molecular mechanisms of innate immunity, which has been important for informing our understanding of them in other animals. Initially, host -microbe studies involving Drosophila focused on host responses when microorganisms were injected directly into the fly body cavity (haemocoel). These results showed that injection of different types of microbes (Gram-negative or -positive bacteria or fungi) elicited overlapping, but distinct sets of AMPs, suggesting that flies, while lacking an adaptive immune system, could differentiate and mount responses adapted to the invading microbe, which in turn implied the existence of different recognition/effector mechanisms. Using a combination of genetic screens and biochemical approaches, it was subsequently shown that the ability of flies to activate AMPs adapted to different types of microbes was due in part to PRRs. PRRs recognize and bind to microbial cell wall components, which activate conserved signal transduction pathways leading to the production of host proteins that target microorganisms for destruction.
Collectively, the studies in flies established that AMPs are encoded by conserved sequences and regulated by conserved nuclear factor kB signalling cascades, namely the Toll and Imd pathways (for more details, see [9, 20, 21, 25, 27, 28] and references therein). Briefly, the Toll pathway, which is similar to the MyD88-toll-like receptor (TLR) pathway in mammals, is the major component of the host response to fungi and Gram-positive bacteria. The circulating receptors GNBP3 and PGRP-SA bind to fungal cell wall components and Lysine (Lys)-type peptidoglycan of Gram-positive bacteria, respectively, initiating a proteolytic cascade that leads to the activation of the cytokine Spaztle, which is recognized by the Toll receptor. The Imd pathway, which is similar to the mammalian TNF and TIR-domaindependent TLR pathway, recognizes diaminopimelic acid (DAP)-type peptidoglycan found in Gram-negative bacteria and Gram-positive Bacilli, as well as peptidoglycan monomers (also referred to as TCT, for tracheal cytotoxin) of Gram-negative bacteria. The surface-bound receptor PGRP-LC and cytosolic receptor PGRP-LE are the main Imd receptors in the fat body and, as described in more detail below, are also found in the gut [29] [30] [31] [32] [33] .
While the Toll and Imd pathways have already been extensively studied, their examination continues to reveal new details and the complex layers of regulation that hosts employ to manage their interactions with microbes. This is especially evident in recent studies exploring the contribution of these pathways to immune responses in the gut, which is now an area of intense investigation. The focus on the gut is extremely relevant, given that this is the most common interface by which Drosophila and other animals interact with microbes [12, 13, 34] . As such, there is growing recognition that gut immune responses are key components of host interactions with indigenous microbiota and dietary microbes [21, 35, 36] . This body of work has greatly expanded our understanding of the mechanisms of host-microbe interactions and has established D. melanogaster as an important tool to elucidate mechanisms of gut physiology and homeostasis.
Drosophila gut physiology and gut-associated microbiota
Despite the important contributions of D. melanogaster as a model organism, there has been very little focus, until recently, on either the gut or mechanisms regulating host physiology, particularly at the adult stage. The explosion of studies centred on adult physiology and homeostatic responses has rapidly expanded our understanding of the pathways and genes involved in these processes. An additional impact of this work is the growing awareness of the gut in regulating overall host physiology. Like many animals, the D. melanogaster gut is a tubular epithelium composed of a monolayer of cells surrounded by visceral muscles [18, 21, 37, 38] (figure 1). The fly gut epithelium is renewed constantly throughout its lifespan. It is maintained by pluripotent intestinal stem cells (ISCs) that divide and self-renew, giving rise to two cells: a new ISC and a post-mitotic progenitor cell, called the enteroblast [39, 40] . Enteroblasts are maintained transiently in the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150295 epithelium, or differentiate into one of two cell types of the gut: large absorptive enterocytes or small secretory enteroendocrine cells. The gut is also the major contact point for microorganisms, whether pathogens, members of the microbiota or food (dietary microbes) [21, 41] . Under normal conditions, the microbiota reside in the gut lumen within the endoperitrophic space [42] , which is delimited by the peritrophic matrix, a grid-like structure of chitin polymers and proteins that lines the midgut [18, 43] and limits the passage of luminal contents and pathogens [44] . Another physical barrier is provided by a mucus layer, composed of polysaccharides and proteins (mucins), which is located between the peritrophic matrix and the epithelium [18] .
Drosophila melanogaster in both the laboratory and field associates with a relatively low number of resident bacteria (2-30 species) and yeasts, of which most are cultivable [14, 42, 45, 46] . This community of yeasts and primarily lactic acid and acetic acid bacteria is reflective of the fermentative substrates in which flies live and feed [13, [47] [48] [49] [50] . The most common bacterial members of the D. melanogaster microbiome belong to the Lactobacillus and Acetobacter/ Gluconobacter genera, with Lactobacillus plantarum, L. brevis and Acetobacter pomorum and A. pasteurianus as the most consistently associated species across laboratories and diets. Current data indicate that, like most animals, larvae and adults acquire their gut microbiota from the environment, either upon hatching from the egg or once they emerge from the puparium [13,51 -53] . Larvae typically ingest their microbiota as they feed on the microbe-rich fermenting substrate. Adults of Drosophila melanogaster are highly attracted to odours from fermenting fruit and yeast [54, 55] , and recently it was shown that larvae and adults are more highly attracted to food that has been associated with conventionally reared larvae or axenic food to which members of the microbiome, either L. plantarum or L. brevis, have been added [56] . This suggests that flies take the microbiota into consideration as they assess and identify food and breeding environments. One explanation for these preferences is that the microbes are an essential component of their diet, given that fruit is low in many essential nutrients. Yeasts are known to be an important nutrient source for Drosophila by providing amino acids, sterols, B vitamins and fatty acids, all nutrients not abundant in carbohydrate-rich fruit (reviewed in [13] ). While larvae develop, albeit with a slight delay, and flies reproduce normally in the absence of bacteria [42, 51, 53, 57, 58] , substrates low in protein (lack of yeast or yeast products) lead to developmental delays or arrest in a dose-dependent manner [57] . Multiple members of the microbiota, both bacteria [51, 57] and wild-associated yeasts [59] , are capable of rescuing these development defects.
The D. melanogaster microbiome is highly variable in both composition and density [42, 60] (table 1) , the latter of which is correlated with the abundance of food in the gut [42] . This suggests that the ingestion of the microbiota in the food or the presence of food to support the microbiota is an important component of the association of Drosophila with its microbiota. Indeed, starving flies by shifting to a liquid sucrose diet greatly reduces gut microbiota populations [42, 51] . Moreover, frequent transfer of flies to sterile food, which inhibits the re-ingestion of microbes that passage through the gut onto the food, render flies effectively sterile, and constant ingestion of the microbiota is necessary for its maintenance [61] . These nuanced associations between D. melanogaster, microbiota and substrate (food) probably also contribute to the high variability that is observed both across generations [42, 46, 60] and also between related individuals reared in the same environment [42] . Microbiota density between co-housed similar-aged flies can vary by as many as four orders of magnitude [42] . Generally, microbial density in young flies ranges between 50 [66] , but can vary roughly from 100 : 1 to 1 : 100. Interestingly, microbial density in larvae is much more consistent between individuals of the same stage than adults [42] , which may reflect the continuous feeding mode of larvae, compared with the more regulated feeding behaviour of adults. Along this line, microbial density increases across larval development, as the gut increases in volume, until in preparation for pupation, larvae cease feeding, and the numbers of associated microbes decrease dramatically [51, 53, 60] . In addition, there is evidence in Drosophila and other holometabolous insects, like Lepidoptera, that a number of immune effectors, including AMPs and lysozyme increase in the gut just prior to pupation [67 -69] , which probably contribute to the reduction in gut microbiota populations, such that adults emerge from pupae with undetectable levels of bacteria [51, 53] . As described above, when provided with an adequate diet, flies develop normally in the absence of a microbiota. The ability to rear flies in an axenic, or germ-free, state has provided an important tool to understand the impact of microbiota on many aspects of adult host biology. Comparisons between flies grown in the absence of gut microbiota (axenic) and conventionally reared flies have shown multiple contributions of bacteria to adult physiology, including lipid storage and glucose levels [58, 70, 71] , gut stem cell activity [42, 63] , mating preference [72] and disease susceptibility [61, 73] . Moreover, as discussed in greater detail below, as in other animals [1, 2, 7] , the microbiota of D. melanogaster is also important for maturation of host immune and stress responses [3, 13, 14, 21] , and the gut epithelial immune response is considered an important regulator of microbiota composition and density [35, 42, 63, 74] .
AMPs and gut immune responses:
shifting the paradigm from protection to maintenance
Recent studies investigating the gut immune response to indigenous microbiota and following ingestion of bacterial 78] ), and mammalian pathogens that disrupt homeostasis and can be lethal to flies (e.g. P. aeruginosa [79] , Vibrio cholerae [80] ), have shown that the two main gut epithelial responses to microbes are the production of reactive oxygen species (ROS) by the NADPH oxidase enzyme Duox, and the production of AMPs by the Imd-Relish (NF-kB) pathway [21, 75, 81] . Duox activity is stimulated by uracil, a microbe-derived ligand, which is released by pathogenic bacteria and certain members of the microbiota that can become pathogenic (sometimes referred to as pathobionts) [82] . To prevent excessive epithelial damage by the production of ROS, Drosophila employs an inducible catalase and negative regulators of Duox activity [83, 84] . Another recently identified host response to microbes is the coordination of these effectors (ROS and AMPs) with homeostatic pathways, in particular JAK/STAT, JNK and EGFR pathways, to respond to tissue damage through stem cell proliferation and epithelium renewal [63, 65, 75, 79, [85] [86] [87] . Indeed, the ability to maintain gut homeostasis is more critical for surviving infection than the host immune response [63] , for while immune-deficient flies have been shown to have a reduced ability to clear gut infections, survival is not necessarily compromised. Microbiota basally induce these important host immune (Imd, Duox), stress (JNK), homeostatic (JAK/STAT, EGFR) and developmental (Notch) pathways [42] , and these pathways are all highly activated following ingestion of bacterial pathogens [75] , sometimes with lethal consequences [88] . Through their effects on these pathways, microbiota increase stem cell proliferation, and thus the rate of epithelium renewal, but at far lower levels than infectious bacteria [42, 63] . Microbiota also impact gut morphology and epithelium structure by increasing epithelial cell packing and the composition of cell types in the gut [42] . In general, the host response to microbes is based on the level of stimulus and damage to the gut, and these responses are tightly regulated to reduce excessive activation [21] . However, some pathogens, such as Pseudomonas entomophila, a native pathogen of D. melanogaster, subvert such responses-effectively killing the host due to excessive activation of immune and stress pathways, which blocks translation of effectors and repair mechanisms of the gut [88] . In-depth analysis of adult flies has shown that the gut is highly compartmentalized and defined by stereotypic physiological and anatomical domains, which are established by regionalized transcription factors and spatial activity of morphogens [89, 90] (figure 1a). This regionalization includes gene expression profiles along the gut, including the production of AMPs, such that immune reactivity is similarly compartmentalized and most genes (and families of genes) are expressed in specific domains. In the case of the immune response, most of the AMPs, which are induced in the gut basally by microbiota (of which the dominant members, both Acetobacter and Lactobacillus spp., contain DAP-type peptidoglycan), and following ingestion of Gram-negative pathogens, are regulated by the Imd pathway [75] . A subset of antifungal Drosomycin-like peptides are induced instead by the JAK-STAT pathway in response to gut damage [75, 79] . However, unlike the systemic immune response, a role for the Toll pathway or a gut immune response to fungi and Gram-positive bacteria is less evident, and Toll appears to contribute more to the haemocoelic response to microbes [75] . Whether there is a role for the Toll pathway in the gut or dedicated PRRs for LPS, Gram-positive (Lys-type) peptidoglycan, or detection of fungal MAMPs in the gut remains to be determined.
Whether induced basally by microbiota or to higher levels by pathogens, PRRs, AMPs and negative regulators of the immune response are activated in specific gut domains [42, 75, 89, 90] (figure 1b). As in the systemic response, both the transmembrane receptor PGRP-LC and intracellular PGRP-LE recognize peptidoglycan in the gut and induce the Imd pathway cascade [31, 32] . However, whereas both receptors are associated with fat body cells in the haemocoel, in the gut the activity of these receptors is regionalized, with PGRP-LC being localized to the fore-and hindgut, while PGRP-LE is restricted to the midgut [32] . AMPs are most highly expressed in the anterior midgut [67, 89, 90] , where they are thought to reduce or eliminate potential pathogens ingested with the food. The gut also employs several negative regulators that downregulate Imd pathway activity, which are expressed in the posterior midgut and proposed to reduce the expression of AMPs in this region to support the persistence and colonization of the microbiota [28, 31, 35] (figure 1c). Though initially explored in the context of infection, where they adjust the level of immune activation to severity of infection, negative regulators also dampen the host response to gut microbiota and dietary microbes [31, 74, 91, 92] . Negative regulators reduce immune activity by scavenging peptidoglycan (e.g. the amidases PGRP-LB and PGRP-SC that separate the sugar and peptide bridge in peptidoglycan, thereby modulating the immunogenicity) or in the case of Pirk by disrupting signalling between the PGRP-LC receptor and Imd [74,92 -94] . Similarly, another level of regulation in the gut is due to the expression of the transcription factor Caudal, which blocks the expression of some Imd pathway target genes in the posterior midgut [35] , the region of the gut with the highest density of bacteria in Drosophila [42] . In the systemic immune response of Drosophila, mechanisms such as ubiquitination/deubiquitination and sumoylation have also been shown to regulate various components of the Imd pathway (reviewed in [95] ). However, it is not yet known whether these mechanisms regulate Imd in the gut.
Given the diverse functions of the gut, the epithelial response to microbes is significantly more complex (more genes, more pathways) than the systemic response [75] . The Imd pathway is the major regulator of the gut response to microbes; over 50% of the genes induced by either microbiota or pathogens are regulated by Imd [42, 75] . Comparison between wild-type and Imd mutant flies has shown that the gut immune response is an important regulator of microbiota composition and density, as flies lacking Imd, and thus a functional AMP response, have higher bacterial loads, altered microbiome composition, and lack spatial organization of the microbiota in the gut [42] . As flies age, the loss of normal immune and homeostatic regulation and aberrant gut microbiota can exacerbate these effects [63, 64, 96] . Older flies are associated with higher densities of gut bacteria, but also express higher levels of AMPs. Other genes involved in immune and homeostatic responses in the gut are also highly induced, which reflect increased damage to the gut and loss of homeostasis [42, 62, 64, 97] . Whereas low levels of AMP activity in young flies provides adequate feedback on the microbiota to limit over proliferation or the expansion rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150295 of pathobionts, this becomes dysregulated in older flies and association with the microbiota can become deleterious. In the absence of microbiota, stem cell proliferation and immune and homeostatic gene expression is more similar to young flies, and axenic flies live longer than their conventionally reared counter parts [42, 63, 98] . One paradox is that as flies age they express higher levels of AMPs, which is attributed to the loss of negative regulators [42, 64] and epithelial barrier dysfunction linked to microbiota dysbiosis [96, 99] , yet are colonized with a higher density of bacteria. One explanation is that the higher levels of antimicrobial peptides select for resistant bacteria that are capable of persisting in the gut [35] . Alternatively, additional layers of regulation may alter immunity, homeostatic pathways or microbiota resulting in inefficient control of microbiota in old flies. For example, increased systemic (fat body) signalling of amidase PGRPs and other immune and stress genes in old flies, which is mediated by gut bacteria, was correlated with decreased activity of AMPs and negative regulators in the gut [100] . Relatedly, it has been shown that repression of the amidase PGRP-SC2 in the gut during ageing leads to microbiota dysbiosis, hyperproliferation of stem cells and epithelial dysplasia [64] . Imbalances in regulation between the gut and the hemocoel are emerging as a major factor in the morbidity associated with ageing. Altogether, these data support a broader function of gut immune regulation and AMP response beyond the traditional role of defence to one of maintenance of gut homeostasis, which in turn has consequences on whole-organism health.
Expanding functions for AMPs: beyond traditional immune roles
As described above, an important theme that has emerged from recent studies is the central role of the gut in regulating host physiology owing to its impacts on epithelial maintenance, immune responses, metabolic homeostasis and stress signalling. These studies also highlight the important function of the interplay between the gut and systemic tissues in regulating these responses. In particular, the crosstalk between immunity and metabolism is increasingly implicated as a major driver of host health and, given its impacts on both immunity and metabolism, microbiota strongly influence these interactions [101, 102] . Recently, I proposed the theory of an evolutionary relationship between the immune and digestive systems [23] , such that at the beginning of metazoa, and particularly in the primitive gut, immunity and digestion were the same. This hypothesis is based on the observation that many receptors, enzymes and cellular processes used to eliminate pathogens also play a role in digestion, or have functions that contribute to microbial lysis. While these two essential systems are generally considered to have emerged from different selection pressures, the common function of microbial lysis and crosstalk between these pathways, including shared regulatory elements, suggest that the features that we consider related may be more intricately connected. As such, in extant animals, even with divergence and specialization of digestive and immune functions over time, components may retain dual functions, particularly in terms of their activity in the gut.
Consistent with this hypothesis, as many as 50% of Drosophila metabolic genes are regulated by microbiota through the Imd pathway [42, 103] and in larvae a member of the microbiota, L. plantarum WJL , which sustains development in conditions of undernourishment, induces gut peptidases that are regulated in part by peptidoglycan recognition through the PGRP-LE/Imd/Relish signalling cascade [104] . This microbiota-induced increase in proteolytic activity enhanced protein digestion, and increased amino acid levels in larvae. Similarly, compared to immune-competent flies, the density of microbiota in immune-deficient flies decreases more slowly when flies are starved [42] . Even after longer periods of starvation, which is done by transitioning flies from solid food to sucrose, immune-deficient flies retain both food and microbiota in the gut significantly longer than wild-type flies (N.A.B., unpublished data, 2014), suggesting reduced digestion of food and ingested microbes or altered transit rates of food through the gut. Moreover, the inability to maintain balance of these functions can lead to chronic inflammation and disease, and organismal ageing is thought to be due to the loss of both metabolic and immune homeostasis. As such, the interplay between metabolic and immune pathways is an area of intense study and a growing number of genes, including foxo, MyD88, TGF-b, mef2, atf3 have been shown in a variety of insects and mammals to function in both metabolism and immunity [105] [106] [107] [108] [109] [110] [111] .
The digestive-defensive origin hypothesis provides a theoretical construct for integrating new information in a cohesive evolutionary view. For example, it has been suggested [28] that the role of PGRP-LC as the primary receptor in the foregut is to facilitate a rapid induction of AMPs in the anterior midgut in response to microbes, particularly pathogens, thus essentially providing a gatekeeper to control microbes entering the gut. Another interpretation is that the anterior induction of AMPs along with other digestive enzymes (many of which are regulated by the immune pathway) functions in the breaking down of microorganisms as they enter the gut for use as food. As such, the observation that AMP production is repressed in the posterior midgut may be because these enzymes are not relevant in this region of the gut, as these cells instead are specialized for nutrient uptake. Similarly, negative regulators in the gut, such as amidases, modulate the immunogenicity of peptidoglycan by cleaving bonds between sugar and peptide residues. While this renders the microbial products non-immunogenic, it also frees potential nutrients.
One problem in developing a unifying physiological view of gut processes is our continuing need to define roles to microbes as being pathogenic or beneficial, which also ignores their potential as food. In this regard, the damage-response framework incorporates the associated microbiota into the definition of host and focuses on the interaction between microbes and hosts instead of microbial characteristics [112] . Consistent with this in Drosophila, the extent of damage to the host is the only variable that differentiates the types of host -microbe interactions [21] . In the context of interplay between immunity and metabolism, this is often presented as a dichotomous choice in which the host must switch energy to one or the other processes. However, such dichotomies fail to consider that rather being than a choice, the functions may merely reflect what the tissues are capable of doing dependent on the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150295 homeostatic state. For example, a damaged gut, in which absorptive enterocytes are affected, would not be able to efficiently absorb nutrients, and thus functions related to digestion and growth would be impaired. In addition, such views fail to consider that the role and utility of the microbes can also shift. Host physiological state will dictate these associations, such that microbiota may compete with the host for nutrients [113] , switch from commensal to pathogenic interactions [114] , or themselves be used for food in periods of starvation [115 -119] or when no longer a benefit to the host [120, 121] .
Returning to AMPs, it is possible to see the studies described within this essay as fitting within the larger canvas of the digestive-defensive theory [23] . AMPs have a defensive role, but their function cannot be distinguished from those of nutrient acquisition. For example, it has been shown that feeding AMPs to livestock improves nutrient digestibility, intestinal morphology and growth performance [122] . Ultimately, as has been noted elsewhere [33] , activities of immune detection and response resemble nutrient breakdown, uptake, and transport, and as the examples above suggest, immune pathways in Drosophila appear to be regulating multiple aspects of host metabolism. Viewed in this context, it may be possible to discern additional roles for AMPs in homeostasis, apart from that which has been the primary focus of the immune response.
Conclusion and future perspectives
Despite our detailed understanding of Drosophila immune responses and the regulation and function of AMPs, there remain many questions and unknowns. Some of the most pressing questions are related to better defining the role of AMPs in normal conditions, especially in the light of their potential contributions to digestion and metabolism versus immunity. Along this line, understanding their respective functions in larvae (developmental) versus adult (homeostatic) stages will provide additional insight. In this regard, Drosophila will continue to be a powerful tool to decipher the various contributions of gut microbiota and AMPs to host health, immunity and development.
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